Modern medicine has established three central antimicrobial therapeutic concepts: vaccination, antibiotics, and, recently, the use of active immunotherapy to enhance the immune response toward specific pathogens. The efficacy of vaccination and antibiotics is limited by the emergence of new pathogen strains and the increased incidence of antibiotic resistance. To date, immunotherapy development has focused mainly on cytokines. Here we report the successful therapeutic application of a complement component, a recombinant form of properdin (P n ), with significantly higher activity than native properdin, which promotes complement activation via the alternative pathway, affording protection against N. menigitidis and S. pneumoniae. In a mouse model of infection, we challenged C57BL/6 WT mice with N. menigitidis B-MC58 6 h after i.p. administration of P n (100 μg/mouse) or buffer alone. Twelve hours later, all control mice showed clear symptoms of infectious disease while the P n treated group looked healthy. After 16 hours, all control mice developed sepsis and had to be culled, while only 10% of P n treated mice presented with sepsis and recoverable levels of live Meningococci. In a parallel experiment, mice were challenged intranasally with a lethal dose of S. pneumoniae D39. Mice that received a single i.p. dose of P n at the time of infection showed no signs of bacteremia at 12 h postinfection and had prolonged survival times compared with the salinetreated control group (P < 0.0001). Our findings show a significant therapeutic benefit of P n administration and suggest that its antimicrobial activity could open new avenues for fighting infections caused by multidrug-resistant neisserial or streptococcal strains.
Modern medicine has established three central antimicrobial therapeutic concepts: vaccination, antibiotics, and, recently, the use of active immunotherapy to enhance the immune response toward specific pathogens. The efficacy of vaccination and antibiotics is limited by the emergence of new pathogen strains and the increased incidence of antibiotic resistance. To date, immunotherapy development has focused mainly on cytokines. Here we report the successful therapeutic application of a complement component, a recombinant form of properdin (P n ), with significantly higher activity than native properdin, which promotes complement activation via the alternative pathway, affording protection against N. menigitidis and S. pneumoniae. In a mouse model of infection, we challenged C57BL/6 WT mice with N. menigitidis B-MC58 6 h after i.p. administration of P n (100 μg/mouse) or buffer alone. Twelve hours later, all control mice showed clear symptoms of infectious disease while the P n treated group looked healthy. After 16 hours, all control mice developed sepsis and had to be culled, while only 10% of P n treated mice presented with sepsis and recoverable levels of live Meningococci. In a parallel experiment, mice were challenged intranasally with a lethal dose of S. pneumoniae D39. Mice that received a single i.p. dose of P n at the time of infection showed no signs of bacteremia at 12 h postinfection and had prolonged survival times compared with the salinetreated control group (P < 0.0001). Our findings show a significant therapeutic benefit of P n administration and suggest that its antimicrobial activity could open new avenues for fighting infections caused by multidrug-resistant neisserial or streptococcal strains. P neumococcal and meningococcal infectious diseases remain a serious threat to public health. Streptococcus pneumoniae is the leading cause of community-acquired pneumonia and a major cause of otitis media, septicemia, and meningitis (1, 2) . S. pneumoniae is responsible for ∼1.2 million deaths per year worldwide, with young children and immunocompromised patients at particular risk (3) . Neisseria meningitidis causes epidemic bacterial meningitis and septicemia, with high mortality in children and young adults (4) . The impact of meningococcal disease on human health is defined by both the risk and the severity of invasive meningococcal infections, with unacceptably high mortality rates, ranging from 10% in patients under optimal clinical therapy with the latest generation of antibiotics to up to 40% in patients with untreated septicemia. Almost one-third of those who survive invasive infections are left with long-term disabilities and long-term morbidity. Globally, the World Health Organization estimates that ∼1.2 million cases of invasive meningococcal infections occur annually, leading to more than 135,000 fatalities (5).
Vaccination programs have reduced the rates of infection in developed countries, but neonates and elderly adults remain especially vulnerable (6, 7) . The efficacy of vaccination is further limited by the emergence of new strains of S. pneumoniae and N. meningitidis.
The complement system plays a major role in the host resistance to both pathogens (8) (9) (10) (11) (12) (13) . Complement is activated via three routes: the classical pathway, the lectin pathway, and the alternative pathway. Activation of the classical and lectin pathways is mediated by specific recognition molecules. Binding of C1q to the bacterial surface or the Fc region of antibody initiates the classical pathway. The lectin pathway is initiated by carbohydrate recognition molecules, including mannan-binding lectin, ficolins, and collectin 11, which bind directly to bacterial polysaccharides. Activation of the classical or lectin pathway leads to the formation of a C3 convertase (C4b2a), which splits C3 into Significance This paper describes the successful therapeutic application of properdin, a positive regulator of complement activation. Recombinant expression of properdin generated a highly polymerized artificial form of properdin, P n , with significantly higher functional activity than the lower-grade properdin polymers in serum. Adding low pharmacologic quantities of P n to serum markedly enhanced complement deposition on Neisseria meningitidis and Streptococcus pneumoniae and dramatically boosted serum lysis of meningococci. In mouse models of infection for these two major human pathogens, a single low-dose application of P n significantly reduced bacteremia and markedly increased survival rates. Interestingly, therapeutic induction of massive complement mediated lysis of meningococci did not induce septic shock symptoms through the release of bacterial toxins.
the biologically active fragments, C3b and C3a. C3b can bind covalently to an activating surface, and hundreds of molecules of C3b can be deposited in close proximity to the C3 convertase complex. Accumulation of C3b close to C4b2a forms the classical pathway C5 convertase C4b2a(3b) n , in which C4b and C3b form a binding site for C5, orienting it for cleavage by C2a (14, 15) .
The mechanisms initiating the alternative pathway are less well understood. It is widely accepted that the alternative pathway maintains a continuous state of low-rate activation, which is held in check by potent negative regulators of activation on nonactivating surfaces, such as the surface of host cells. Turnover of the alternative pathway is initiated either by the provision of C3b via the classical pathway, the lectin pathway, or complement-independent proteolysis of C3 or by the spontaneous hydrolysis of C3 to form C3(H 2 O). C3b or C3(H 2 O) bind factor B to form either the C3bB or C3(H 2 O)B zymogen complex. In this complex, factor B is cleaved by factor D, releasing a Ba fragment. The activated C3bBb or C3(H 2 O)Bb fragments are themselves C3 convertases, which in turn cleave more C3 into C3a and C3b. Unchecked, the accumulation of C3b rapidly leads to the formation of more alternative pathway convertase complexes, resulting in a physiologically critical positive feedback mechanismthe amplification loop of complement activation (16) . The alternative pathway thus amplifies complement activation initiated by any of the three pathways, making it an attractive target for therapeutic intervention designed to modulate complement-mediated immunity and/or inflammatory processes (17) .
Deposition of C3b and iC3b on the bacterial surface is a key step in the immune response against S. pneumoniae, because complement-mediated opsonisation is essential for clearance of S. pneumoniae through phagocytosis (8) . Lysis of bacteria, owing to formation of the membrane attack complex complex, is the critically important biological activity of complement in the defense against N. meningitidis (10). Inherited or acquired deficiencies of the alternative pathway are associated with a high risk of recurrent bacterial infection. Factor B deficiencies significantly increase the risk of S. pneumoniae and Pseudomonas aeruginosa infection (9, 18) . In a mouse model of properdin deficiency, the severity of polymicrobial peritonitis was significantly greater in deficient mice compared with their WT littermates (19) . Properdin deficiency in humans has been associated with a high risk of meningococcal infections, especially with unusual infective serotypes, such as W-135 and Y (10, 20, 21) . In addition, opsonophagocytosis of S. pneumoniae was found to be severely compromised in properdin-deficient sera, and reconstitution of properdin-deficient sera with purified properdin restored the opsonic activity and killing of S. pneumoniae by polymorphonuclear leukocytes (22, 23) .
Properdin is the only known positive physiological regulator of complement activation. It stabilizes and extends the half-life of the surface-bound C3 convertase C3bBb, and inhibits its degradation by factor I (24) (25) (26) . In their pioneering 1954 work, Pillemer et al. (26) first described properdin as a serum protein that mediates complement activation and antimicrobial activity in absence of antibodies.
Properdin is present in serum at a concentration of ∼5-15 μg/mL (27) . Unlike most other complement components, properdin is not synthesized in the liver but rather is expressed by other cells, including monocytes, T cells, mast cells, and granulocytes (19, (28) (29) (30) . Properdin monomers can assemble into dimers (P 2 ), trimers (P 3 ), and tetramers (P 4 ), formed by head-to-tail association of monomers (each ∼53 kDa) (31, 32) . Properdin aggregates, so-called "activated" properdin (P n ), are considered artificial higher-order oligomers formed during the purification of properdin from plasma or during subsequent freezethaw cycles (33) . The functional activity of properdin increases with the size of the polymers formed (34) . By increasing the half-life of the alternative pathway C3 convertase, properdin antagonizes the functional activity of complement factor H, an abundantly expressed plasma component, which promotes inactivation of the alternative pathway C3 convertase and of all C5 convertases of complement by accelerating the decay of these enzyme complexes through binding to complex-bound C3b and by serving as a cofactor in the factor I-mediated conversion of C3b to its inactive form, termed iC3b (35) . Interestingly, the two pathogens used in this study were previously shown to express distinct microbial surface components that sequester factor H from host plasma, leading to resistance to the complement-mediated immune clearance of these pathogens (36, 37) .
In the present study, we addressed the role of the alternative pathway and the effect of administration of recombinant properdin as a tool for boosting alternative pathway activity to augment the immune response against S. pneumoniae or N. meningitidis.
Results
Recombinant P n Enhances Alternative Pathway Activity. Properdin is normally found in the circulation as dimers, trimers, or tetramers of the basic 53-kDa glycopeptide. We found that recombinant properdin expressed in Chinese hamster ovary (CHO)-K1 cells contained mainly higher-order oligomers of a total molecular weight of ≥300 kDa (SI Appendix, Figs. S1 and S2). Highly polymerized recombinant P n proved to be extremely effective at A C B Fig. 1 . The addition of recombinant P n allows the alternative pathway to work at serum concentrations beyond the dilution limit of NHS without added extrinsic properdin, and restores alternative pathway functional activity in properdin-deficient mouse serum. Alternative pathway functional activity was assayed by measuring C3b deposition on zymosan-coated microtiter plates using veronal buffer containing Mg 2+ and EGTA. (A) Serial dilutions of human serum (0.39-20%) preincubated with recombinant human P n at concentrations ranging from 0 to 10 μg/mL. Sigmoid curves were fitted to the data, and the AP 50 was calculated for each P n concentration. augmenting alternative pathway activation in vitro. As shown in Fig. 1 A and B, the addition of as little as 78 ng/mL of recombinant human P n to normal human serum (NHS) was sufficient to halve the concentration of serum required for 50% maximal alternative pathway activation (AP 50 ) from 9% to 4.5%. Given that the concentration of native properdin in 4.5% serum is ∼0.7 μg/mL, these results suggest that the P n material is an order of magnitude more active than native properdin. Recombinant mouse P n (final concentration, 10 μg/mL) reconstituted alternative pathway C3b/iC3b deposition in properdindeficient mouse serum (Fig. 1C) .
We next measured C3b deposition on the surfaces of S. pneumoniae and N. menigitidis by FACS analysis, under conditions that permitted alternative pathway activation but excluded activation of the lectin and classical pathways, using barbital-buffered saline (BBS) with Mg 2+ and EGTA. Little or no C3b deposition was observed using either 5% (vol/vol) human serum or 15% (vol/vol) murine serum (Fig. 2) . The addition of 5 μg/mL human P n ( Fig. 2 A and C) or 10 μg/mL murine P n ( Fig.  2 B and D) to the sera led to major C3b or iC3b deposition on both species of bacteria. Taken together, these results indicate that the concentration of properdin in NHS and murine serum is a limiting factor in alternative pathway activation.
Recombinant P n Enhances the Killing of N. meningitidis. The contribution of the alternative pathway to the lysis of N. menigitidis is shown in Fig. 3 . Enhanced killing of N. meningitidis B-MC58 was achieved when WT mouse serum or NHS was supplemented with 5 μg/mL mouse or human P n .
To evaluate the therapeutic benefit of recombinant properdin in a murine model of N. meningitidis infection, age-matched WT female C57BL/6 mice were tested in three groups. Mice in the first group were given recombinant P n i.p. at 6 h before infection, the second group was treated with recombinant P n at 3 h after infection, and the third group was injected with saline only before infection. Mice were infected i.p. with a high dose (8 × 10 6 cfu/mouse) of N. meningitidis serogroup B, strain B-MC58 and monitored for 1 wk. Blood samples were obtained after 12 h to measure bacterial load. Mice were scored for signs of disease throughout the experiment.
At 36 h after infection, 90% of the mice pretreated with P n survived, whereas none of the control mice survived (Fig. 4A) . (The control mice had reached the severity endpoint of disease progression and were euthanized.) Surviving treated mice recovered completely at 48 h, with no signs of disease. Although mice treated with P n at 3 h postinfection did not survive the infection, they had significantly longer survival times (P = 0.0007) compared with the control nontreated group (Fig. 4B) . At 12 h postinfection, mice treated with P n had significantly less bacteremia than nontreated controls (Fig. 4 C and D) . During the early stage of infection at 6 h, 12 h, and 18 h, mice treated with P n either before or after infection had better clinical scores compared with the nontreated control group (Fig. 4 E and F) .
Recombinant P n Protects Mice from S. pneumoniae Infection. To assess the extent to which recombinant properdin helps in the protection against S. pneumoniae infection, two groups of 10-wk-old C57BL/6 mice were infected with S. pneumoniae D39 via the intranasal route. One group of mice received 100 μg/mouse of recombinant P n by i.p. injection at the time of infection, and the other group received saline only. Mice were monitored for the signs of disease development.
The treated mice had significantly longer survival times compared with the nontreated control group (P < 0.0001; Fig. 5A ). whereas all mice in the P n -treated group exhibited very few or no signs of disease at that time point. Interestingly, mice treated with P n at the time of infection showed no bacteremia at 6 h and 12 h postinfection, whereas control mice clearly showed significantly higher bacterial loads at these time points. The treated mice developed bacteremia by 12 h postinfection (Fig. 5B) . We also assessed the protective effect of P n treatment when applied 6 h before intranasal infection with S. pneumoniae. Significantly reduced bacteremia was seen at 12 h and 24 h postinfection (SI Appendix, Fig. S3 ).
Discussion
A recent in vitro study showed that purified native properdin containing higher-order oligomers, an artifact arising during purification and/or storage, binds to the surface of both N. meningitidis and N. gonorrheae and increases the level of C3 deposition when the bacteria are exposed to serum (38) . Other studies have shown a similar effect of higher-order properdin polymers on alternative pathway activity in vitro (39) . Encouraged by these findings, we investigated the use of recombinant P n as a bactericidal agent under in vitro and in vivo conditions. Kemper et al. (40) postulated that properdin can even act as a pattern recognition molecule, binding to pathogen surfaces and to apoptotic and necrotic cells, where it initiates the formation of alternative pathway convertases. The molecular events that would allow properdin to specifically discriminate between activating and nonactivating surfaces remain unclear, however. More recent work has shown that properdin binding to zymosan and Escherichia coli does not occur in the absence of C3 deposition, indicating that the binding of properdin to pathogen surfaces is not the primary event initiating alternative pathway activation (41) . Our results show that unfractionated recombinant P n is a highly oligomerized material with significantly higher functional activity than the same amount of native properdin purified from either human or mouse serum. We found that P n binds efficiently to the surface of N. meningitidis as well as to the surface of S. pneumoniae, and recruits the deposition of C3b and iC3b from serum through activation of the alternative pathway, whereas similar quantities of native purified serum properdin (dimers, trimers and tetramers) failed to bind to the surface of these pathogens in parallel experiments (SI Appendix, Figs. S1 and S2).
Alternative pathway functional activity is usually lost when serum is diluted to concentrations of <8%. Here we report that supplementation of highly diluted NHS or WT murine serum with P n resulted in measurable alternative pathway activation at serum concentrations <1% and <3%, respectively, indicating that properdin concentration is a key limiting factor in the loss of alternative pathway functional activity in diluted serum (Fig. 1) . P n supplementation led to a corresponding increase in opsonization of both S. pneumoniae and N. meningitidis with C3b ( Fig. 2) and serum bactericidal activity against N. meningitidis (Fig. 3) .
Low-dose application of recombinant murine P n at 6 h before infection with N. meningitidis proved to be highly effective, with an increase in survival rate from 0 to 90% and a correspondingly large decrease (5 log) in bacteremia. Application of P n at 3 h after infection was less effective, but nonetheless led to significantly prolonged survival times and a 2-log drop in peripheral blood bacterial load (Fig. 4) . Similarly, low-dose application of recombinant murine P n in mice infected with a lethal dose of S. pneumoniae significantly decreased the bacterial load in blood during the first 12 h postinfection. P n treatment significantly prolonged survival in these mice compared with the untreated control mice (Fig. 5) .
A striking feature of our results is that P n -mediated augmentation of alternative pathway activity supports two rather diverse Mice were infected i.p. with 8 × 10 6 cfu of N. meningitidis B-MC58, as described in Materials and Methods. Treated mice received 100 μg/animal of recombinant murine P n at 6 h before (A, C, and E) or 3 h after (B, D, and F) infection. Control animals were injected with PBS. (A and B) Properdin treatment significantly increased the survival of mice in both treatment groups (Mantel-Cox log-rank test; n = 10/group). (C and D) Properdin treatment significantly reduced the bacterial load in tail blood samples collected at 12 h after infection. Data are mean ± SEM. **P < 0.01; ***P < 0.001, Student t test; n = 10/group. (E and F) Clinical scores for the infected mice. Data are mean ± SEM. *P < 0.05, Student t test. Properdin treatment reduces the severity of S. pneumoniae infection. Mice were infected intranasally with 2.5 × 10 6 cfu of S. pneumoniae D39. Animals in the treated group were injected i.p. with 100 μg of recombinant murine P n at the time of infection. (A) The P n -treated mice had significantly improved survival from S. pneumoniae infections (Mantel-Cox log-rank test; n = 10/group). (B) Viable S. pneumoniae counted in peripheral blood at the indicated time points after infection. Data are mean ± SEM; n = 10. *P < 0.05; ***P < 0.001, Student t test at each time point.
complement-mediated clearance mechanisms. Whereas N. meningitidis is susceptible mainly to terminal pathway-mediated lysis (11) . S. pneumoniae is resistant to complement lysis but is usually cleared by phagocytosis after complement-mediated opsonization (8) .
Studying the effects of P n administration on the clearance of other pathogens is an aspect of ongoing work in our laboratory. In general, the therapeutic application of P n may be a useful adjunct to antibiotic therapy in the treatment of infections caused by N. meningitidis, S. pneumoniae, and possibly other pathogens, particularly when treating multidrug-resistant strains. In our experimental model of N. meningitidis infection, P n administration was likely to increase bacterial lysis and thereby also the release of bacterial endotoxins; however, under no circumstances did P n administration cause signs of an overwhelming endotoxin shock, and the P n -treated animals exhibited a significant degree of protection during the course of infection compared with their sham-treated littermates. This was seen regardless whether P n was given at 6 h before infection or at 3 h or 6 h after infection. Thus, we hypothesize that complement activation also may occur on the surface of the released bacterial endotoxins, neutralizing the detrimental effects of endotoxin by C3 deposition and clearance although complement-receptor bearing host cells (42) . In patients with inherited properdin deficiencies, who are known to be at high risk for frequent and severe infections with N. meningitidis and S. pneumoniae (12, 23, 43, 44) , the prophylactic administration of Pn might alleviate the predisposition to recurrent and severe infections.
Materials and Methods
Ethics Statement. All animal experiments were authorized by the United Kingdom Home Office (Animals Scientific Procedures Act 1986; Home Office project license 80/2111) and approved by the University of Leicester's Animal Welfare Committee. Every effort was made to minimize suffering, and mice were humanely euthanized as soon as they became lethargic during infection experiments.
Materials. Unless stated otherwise, all reagents were obtained from Sigma-Aldrich.
Bacteria. S. pneumoniae serotype 2, strain D39 was obtained from the National Collection of Type Cultures (NCTC 7466). N. meningitidis serotype B strain MC58 was kindly provided by Dr. C. Bayliss, University of Leicester, Leicester, UK. Bacteria were cultured and passaged through mice as described previously (45) , then recovered and stored at −80°C. As required, suspensions were thawed at room temperature, and bacteria were harvested by centrifugation before resuspension in sterile PBS.
Mice and Sera. C57/BL6 female mice were purchased from Charles River Laboratories. Blood was obtained by cardiac puncture. Blood samples were left to clot on ice for 2 h, and serum was separated and stored at −80°C. Human blood was obtained from healthy volunteers who had provided written, informed consent, as required by the local Ethics Committee. Serum was isolated and stored as described above. Properdin-deficient mouse serum was kindly provided by Dr. C. Stover, University of Leicester, Leicester, UK (19) .
Recombinant Properdin. The coding sequence of full-length murine and human properdin was amplified from mouse or human liver cDNA using the following primer pairs: mP_F, 5′-AAG CTT ATG CCT GCT GAA ATG CAA GCC C-3′ and mP_R, 5′-CTC GAG AGT AGG GTT TCT TCT CTT CTG GGT CTT T-3′, and hP_F, 5′-AAG CTT ATG ATC ACA GAG GGA GCG CAG-3′ and hP_R, 5′-CTC GAG AGT AGA GTT CCT CTT CCT CAG GGT CTT TGC A-3′.
These primers introduced restriction sites for HindIII and XhoI for subsequent cloning into pSecTag2/HygroB (Invitrogen) in frame with and upstream of nucleotides encoding a 6-histidine tag and stop codon. Reverse primers replaced the stop codon (TAA) of the murine properdin cDNA. CHO cells were transfected using GeneJuice reagent (Novagen) according to the manufacturer's protocol. Stable transfected cell lines were generated by selection on Hygromycin B (300 μg/mL; Invitrogen).
CHO-K1 cells expressing human and murine properdin were adapted to grow in CHO serum-free II medium (Invitrogen) containing 10 U/mL penicillin, 10 μg/mL streptomycin (Gibco), and 300 μg/mL Hygromycin B (Invitrogen). After 72 h of incubation, medium was harvested, and cell debris was removed before purification by centrifugation. Recombinant properdin was purified by loading 500 mL of cell supernatant diluted with an equal volume of 2× loading buffer (0.1 M phosphate buffer, pH 7.4, containing 100 mM NaCl and 5 mM imidazole) onto a HisGravi Trap column (GE Healthcare) and allowing it to flow through the column by gravity. The column was then washed with 20 mL of wash buffer (0.1 M phosphate buffer, pH 7.4, containing 100 mM NaCl and 25 mM imidazole). Recombinant properdin was eluted in 1-mL fractions using elution buffer (0.1 M phosphate buffer, pH 7.4, containing 100 mM NaCl and 500 mM imidazole). Protein-containing fractions were identified by SDS/PAGE, followed by Western blot analysis.
Complement C3b Deposition Assay. To measure C3b deposition, Nunc MaxiSorb microtiter plates were coated with 1 μg/well of mannan in coating buffer (15 mM Na 2 CO 3 and 35 mM NaHCO 3 , pH 9.6). After overnight incubation, wells were blocked with 0.1% human serum albumin in Tris-buffered saline (TBS; 10 mM Tris·HCl and 140 mM NaCl, pH 7.4) and then washed with TBS containing 0.05% Tween 20. Human or mouse serum samples diluted in barbital-buffered saline (BBS)/EGTA/Mg +2 buffer were added to the plate, followed by a 1.5-h incubation at 37°C. The plate was rewashed, and bound C3b was detected using rabbit anti-human C3c (Dako) that cross-reacts with mouse C3c, followed by alkaline phosphatase-conjugated goat anti-rabbit IgG and the colorimetric substrate pNPP. To study the effect of recombinant properdin on alternative pathway activity, different concentrations of recombinant proteins were added to diluted human or murine sera before incubation on the mannan-coated plate.
Serum Bactericidal Assay. Killing of N. meningitidis B-MC58 by serum was estimated by measuring the decrease in viable count over time, as described previously with modifications (46) . A frozen stock of N. meningitidis B-MC58 was resuspended in HBSS containing 1.2 mM Ca 2+ and 1.2 mM Mg 2+ (pH 7.4; Invitrogen) to a concentration of 10 6 cells/mL. N. meningitidis (10 5 cells) was then opsonized with mouse or human serum, with or without added recombinant mouse or human P n , for 2 h at 37°C in a final volume of 250 μL on a rotatory mixer. Samples were obtained at 0, 30, 60, and 120 min. To measure viable bacteria, samples were serially diluted in HBSS and plated onto brain heart infusion (BHI) agar supplemented with Levinthal's broth (10%, vol/vol), followed by overnight incubation at 37°C in 5% (vol/vol) CO 2 (47) .
FACS Analysis. S. pneumoniae D39 and N. meningitidis B-MC58 samples were washed twice with TBS buffer and resuspended in BBS/EGTA/Mg +2 buffer to a final concentration of 10 6 cfu/mL. Bacterial suspension (100 μL) was opsonised with 5% (vol/vol) NHS or 15% (vol/vol) WT mouse serum for 1 h at 37°C with or without recombinant P n . Nonopsonized bacteria served as a negative control. After opsonization, the bacterial samples were washed twice with TBS buffer, and bound C3b was detected using FITC-conjugated rabbit anti-human C3c (Dako). Fluorescence intensity was measured with a FACSCalibur cell analyzer (BD Biosciences).
Infection Experiments. These experiments were performed using 10-wk-old female C57BL/6 WT mice (Charles River Laboratory). For the S. pneumoniae infection model, mice were lightly anesthetized with 2.5% (vol/vol) fluothane (AstraZeneca) over oxygen (1.5-2 L/min), after which 50 μL of PBS containing 2.5 × 10 6 cfu of S. pneumoniae D39 was administered into the mouse nostrils. The mice were treated with recombinant murine P n 100 μg/mouse i.p. at 0 h or at 0 h and 12 h postinfection. Control mice received saline only.
For the N. meningitidis infection experiment, mice were injected i.p. with iron dextran (400 mg/kg; Sigma-Aldrich) at 12 h before infection. The next day, 100 μL of passaged N. meningitidis B-MC58 suspension (8 × 10 6 cfu/mL) was coadministered with iron dextran (400 mg/kg). Recombinant murine P n (100 μg/mouse) was injected i.p. at either 0 h or 3 h postinfection. Mice treated with PBS instead of recombinant P n served as a control. The inoculum dose was confirmed by viable count after plating on blood agar in cases of S. pneumoniae D39 or on on BHI agar with 5% (vol/vol) Levanthal's supplement for cases of N. meningitidis. Mice were monitored for progression of clinical signs and euthanized when they became severely lethargic (48) . Blood samples were obtained at predetermined time points, and viable counts were calculated after serial dilution in PBS and plating out in the corresponding plates as described above.
